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A6 STRAC T 
Analysis of mult i-step diffused. h igh voltage 
0.1 ohrrcm so la r  c e l l s  suggests tha t  the increased 
voltage capab i l i t y  o f  these c e l l s  i s  corre la ted 
wi th loca l ized var ia t ions i n  the base minority car- 
r i e r  mobility. An attnrrpt t o  ca lcu la te  the behav- 
i o r  o f  those c e l l s  has revealed some unexpected 
results. It has been Shown, cc. i trary t o  what might 
have been cxpected, tha t  spa t ia l  var ia t ions  i n  the 
m b i l i t y  can effect sewre  changes i n  the short- 
c i r c u i t  current and the spectral response. Varia- 
t ions  ii c e l l  output as a resu l t  o f  imos inp  
qbrupt, l inear, and exponential m o b i l i t y  varia- 
t i m s  are Dresented. 
I~lROFUCTlON 
Pecent e f f o r t s  a t  the  Lewis Research Center 
h a w  r e s c l t r d  in  s igh i f i can t  increases i n  the Gpen- 
c i r c u i t  v t l tage  of 0.1 o)nccm p-base s i l i c o n  so lar  
s e l l s  (1). 
achieved through the use o f  a mul t i -s tep d i f f u s i o n  
(HsD) technique. Analysis of the charactaer is t ics  
of  the ?4% c e l l  indicates that  the increased vo l t -  
age i s  due t o  a reduction i n  the e lect ron m h i l i t y  
i n  the c e l l  base ( 2 ) .  I t  has been postulated tha t  
p iezores is t ive e f fec ts  caused by diffusion-induced 
l a t t i c e  stresses resut t  i n  loca l ized regions of  
lower-than-expected electron m b i  1 i t y  ne&- the 
junct ion i n  the base. I n  the cout'se of  our inves- 
t igat ions,  d versa t i le  semiconductor device compu- 
t e r  program develsped by Hauser and Ounbar ( 3 )  f o r  
so lar  c e l l  appl icat ion was used t o  model the pro- 
posed structures. Since the parametric var ia t ions 
COnSidetea here soul0 not be handled through closed 
f tmn soiut ion of  the device equations. t h i s  p r o g r m  
which simultaneously solves Poisson's equation Jnd 
the e lect ron and hole qu is i - fenni  leve l  equations 
was used t o  provide ail accurate n m r i c a l  so lu t ion 
without l i m i t i n g  assumptions or approximations. 
Thcse ca lcu lat ions have y ie lded s m  unexpected 
resu l ts  which are reported here. 
I t  i s  wel l  known that  the minor i ty  c w r i e r  
m o b i l i t y  i n  the c e l l  base plays an lmpor'rnt r o l e  
i n  dt4emi. i ing the c e l l  optn-c i rcu i t  voltage 
through i t s  e f fec t  on the saturat ion current. The 
shor t -c i rcu i t  current and the spectral response, on 
the other hand, can eas i l y  he shown t o  te indepen- 
dent of the base mobi1Ity as long as the rear sur- 
face r e c a b i n a t i o n  velacrty d i f f e r s  f r a n  the dl f fu -  
sion vc loc i ty  by several orders of magnitude ( 4 ) .  
The improved performance has been 
M e n  this condition i s  et, the m o b f l i t y  t e r n  drop 
O u t  of the equations and the base m b i l i t y  has M) 
influence on e i t h e r  the s h o r t - c i r c u i t  current  o r  
the spect ra l  response. 
I n  the course of the present work w found 
t h a t  thc above statemeat i s  not  v a l i d  i f  a s p a t i a l  
nobi l i ty  v a r i a t i o n  e x i s t s  in  the base. Me have 
found, fur ther ,  tha t  i t  i s  not the magnitude of the 
m o b i l i t y  t h a t  affects the c e l l  output. but ra ther  
i t s  degree of change. That is. we f i n d  t h a t  f o r  a 
c e l l  w i t h  an abrupt change i n  nrcrb,lIity, frar a 
value MI t o  a value uz that  occurs somewhere 
between the junc t ion  and t "e  rear  contact, the cur- 
ren t  and spectral response are deternined by the 
r a t i o  u 1'2 and dre independent o f  the absolute 
values 04 '1 and u 
The purpose o f  t i i s  paper is t o  present the 
d e t a i l s  o f  our spectral response ca lcu lat ions f o r  a 
var ie ty  o f  m inor i ty  c a r r i e r  m o b i l i t y  variat ions. 
The m o b i l i t y  p r o f i l e s  considered include abrupt, 
l inear, and exponential changes as we l l  sone 
cocnbinations of these. While the major t h r u s l  w i l l  
be t o  determine c e l l  Output as a funct ion o f  base 
changes. a feu calcu lat ions t o  determine the er- 
f e c t s  o f  m o b i l i t y  var ia t ions i n  a f ie ld - f ree  -it- 
tc r  c e l l  u i l l  be presented. Also presented ape the 
resu l ts  o f  a ser ies of  emi t ter  etching experiments 
which i l l u s t r a t e  the use of m o b i l i t y  v a r i a t i o n  ca l -  
cu la t ions i n  explaining unexpected spectral re- 
sponse benavior i n  h igh voltage HSR c e l l s .  
As s tated i n  the INTROOUCiION, the nq jo r  par t  
o f  t h i s  work. i s  concerned u i t h  the e f fec ts  of base 
m o b i l i t y  changes. 
formed on a t y p l c a l  Lewis HSO c e l l  since i t  i s  f o r  
t h i s  type of  c e l l  that  we have evidence of  spa t ia l  
mobf l i t y  var ia t ions i n  the base. The pardmeters 
used i n  the ca lcu lat ions are l i s t e d  i n  tab le  I .  
For the emi t ter  ca lcu lat ions w wanted t o  uork. u i th  
a c e l l  which w u l d  i l l u s t r a t e  the e f f e c t s  of mobil- 
i t y  changes without the complexities i n t r d u c e d  by 
the presence of  e l e c t r i c  f ie lds.  
chose a c e l l  w i t h  a homogeneously doped emi t ter  and 
a deep junction. The values of the parmeters used 
i n  the ca lcu lat ions are given i n  tab le  1. 
shoulti be noted tha t  these parmeters are s i m i l d r  
t o  those found i n  the IJn ivers i ty  of F lo r ida 's  high- 
low-emitter (HLE) c e l l  ( 5 ) .  
These ca lcu lat ions were per- 
Ye therefore 
It 
1 
Base nobility Variations 
Abrupt variation. - The f i r s t  case t o  be con- 
sidered i s  the abrupt o r  step change. As shoun i n  
f i gu re  1 we w i l l  ass- tha t  a suddtn change i n  the 
I lobil i ty occurs a t  a distance, Y, from the junc- 
tion. The mob i l i t y  r a t l o  w l l l  be defined as 
u 2 l r l  rhcre r l  i s  the mar-junction value. Only 
the mobility r a t i o  w i l l  be referred t o  in  what f o l -  
lows because calculat ions show the resu l ts  t o  be 
independent o f  the absolute mobility values used. 
If, f o r  the E O  c e l l  of table I .  we assme a 
m b i l i t y  r a t i o  of 10 and calculate the e f fec t  o f  
varying the low n o b i l i t y  region width, w, ye obtain 
the series o f  curves show i n  f i gu re  2. 
As would be expected, the short wavelength 
response i s  not affected by these chacgges i n  the 
base mobility. T h e  long wavelength response, on 
the other hand, shows a dramatic decrease as w i s  
increased from 0 t o  about 20 tm. For further in- 
creases i n  w the red response passes through a 
n i n i r u  and begins t o  rise. As w approaches 
165 urn ( the base uidth) the en t i re  curve approaches 
the values i t  had when w = 0. That these two 
spectral response curves (w = 0 and w = 165 urn) 
are ident ical  i l l us t ra tes  the fac t  that  the spec- 
t r a l  response o f  a hunogeneous base c e l l  i s  inde- 
pendent o f  the value o f  the m h i l i t y  therein. A l -  
so, t o  i l l u s t r a t e  the fac t  that  the spectral re- 
sponse i s  dependent only on the mob i l i t y  r a t i o  and 
not on the absolute values used, the calculat ions 
o f  f igure  2 were repeated using widely varying val- 
ues o f  mob i l i t y  while maintaining a r a t i o  o f  10. 
T h e  resu l ts  i n  each case were ident ical  t o  those i n  
the f igure. 
As shown i n  f igure  3, changes occurring close 
t o  the junct ion have a strong effect on the 0.9 urn 
respanse. 
reduced mob i l i t y  i s  su f f i c ien t  t o  reduce the 0.Y Urn 
response by SOT. Also plot ted i n  f igure  3 i s  the 
e f fec t  o f  increasing c e l l  thickness t o  560 urn. As  
can be seen, the response shows an overal l  increase 
due t o  the increase i n  c e l l  volume. The posi t ion 
of the minicum, however. i s  not affected. 
The e f fec t  of the mob i l i t y  r a t i o  on the long 
wavelength response i s  shoun i n  f igure  4. As can 
be seen, the higher the mob i l i t y  ra t io ,  the greater 
the reduction i n  response f o r  a given region 
width. Also, as the mob i l i t y  r a t i o  increases, the 
region width f o r  minimum response moves t o  lower 
values. Mote again the extreme sens i t i v i t y  of the 
response t o  very t h i n  laye..s of low mob i l i t y  adja- 
cent t o  the junction. This sens i t i v i t y  i s  accentu- 
ated by high mob i l i t y  rat ios. 
tioned that the base regian adjacent t o  the junc- 
t i o n  would be the region nest affected by ;ell fat?- 
r i ca t i on  procedures, such as junct ion diffusion, 
which have been postulated t o  cause loc i l i zed  mo- 
b i l i t y  changes (2) .  
also affect the response-width relat ionship. 
i s  i l l us t ra ted  i n  f igure 5 f o r  a 5W um thick 
c e l l .  The lower value of L depresses the re- 
sponse as expected. but i t  also moves the minimum 
t o  lower values of h. I n  t h i s  case the 0.9 urn 
response drops 259 due t o  the presence o f  a lo* 
mobi l i ty  layer ( ~ p / u y  - 10) only 5 um thick. 
case o f  a depressed mobi l i ty  region adjacent t o  the 
The presence of a 10 um wide layer of 
I t should be men- 
The value of the base d i f fus ion  length, L, can 
This 
Up t o  t h i s  point we have been considering the 
junction. 
evidence in  the l i t e ra tu re  supporting the existence 
o f  regions of anomalously high m b i l i t y  (5). f o r  
instance, p i e r o n s i s t f v e  mobility increases i n  ril- 
icon have been observed upon appl icat ion o f  a uni- 
ax ia l  cawressive stress there t h e  mob i l i t y  mea- 
surements uere made normal t o  stress direct ion. 
Let us now consider, therefore, a near-junction 
region o f  enhanced mobility. 
the calculat ic7s o f  f igure 3, but t h i s  time f o r  
mob i l i t y  r a t i o s  o f  0.1 and 0.5. We f ind, i n  co& 
t r a s t  t o  the depressed d t l i t y  case, tha t  as the 
high mobility region width i s  increased the 0.9 m 
response increases, passes through a maxinun, and 
f i n a l l y  returns t o  i t s  o r i g ina l  value as w ap- 
proaches the base uidth. 
therefore, t o  increase tho c e l l  current s i g n i f i -  
cant ly by the insert ion o f  a t h i n  region o f  en- 
hanced mob i l i t y  adjacent t o  the junction. 
Linear variat ion. - The above calculat ions 
were perfonned for an abrupt change i n  the minor i ty 
ca r r i e r  mobil i ty. To determine whether the calcu- 
lated response variat ions were due t o  the abrupt- 
ness of the mob i l i t y  change, a set o f  calculat ions 
was performed i n  which the abrupt change was re- 
placed with a l inear  variation. Figure 7, f o r  in- 
stance, shows the 0.9 pm response var ia t ion  as a 
function of the width of the region in which the 
l inear mob i l i t y  chanoe takes place. Here a physi- 
c a l l y  conservative mob i l i t y  r a t i o  o f  2 was used and 
the center point  of the ramp was f i xed  a t  40 yn 
from the junction. As can be seen the c e l l  output 
i s  insensit ive t o  the t rans i t ion  froln the abrupt 
case (R = 0) t o  the more gently varying l inear  
ranp. For the case considered i n  f igure  7 the re- 
su l t s  show very l i t t l e  change for r a p  widths 
- <40 urn. I t  appears, therefore, tha t  the physi- 
c3lly-more-meaningful case o f  a gradual mob i l i t y  
var ia t ion  from region t o  region can be closely ap- 
proximated by an abrupt t rans i t ion  which i s  much 
easier t o  handle analyt icai ly.  
t i o n  behavior was found f o r  the case o f  an enhanced 
mob i l i t y  region near the junction. 
Experimntal variat ion. - The e f fec t  of re- 
placing the l inear  ramp with an exponential mobil- 
i t y  change i s  show i n  f igure  8 where the 0.9 urn 
response i s  p lo t ted  against the widtk of the region 
of lowered mobi l i ty .  For these calculat ions the 
mob i l j t y  a t  the deplet ion region edge was f ixed a t  
one-half the value i n  the high mob i l i t y  region. We 
f i n d  very close agrement between these data and 
those computed f o r  l inear  changes over the same re- 
gion. The resu l ts  appear t o  be insensi t ive t o  the 
de ta i l s  of the spat ia l  variat ion. 
base mobi i t y  var ia t ion  considered involves the 
insert ion of a layer o f  e i ther  enhanced or de- 
pressed mob i l i t y  in to  I n  otherwise homogeneous 
base. 
as a function of the location o f  a 10 Urn wide re- 
gion with abrupt boundaries and a mob i l i t y  one-half 
that of the surrounding base. Here again i t  can be 
seen that the near-junction region i s  most  sensi- 
t i v e  to  the presence of mob i l i t y  variat ions. 
the layer i s  moved toward the rear of the Cell, the 
0.9 response r ises to  meet and then exceed the 
homogeneous base value. 
abrupt change, insert ion o f  a 1a)er of enhanced 
mob i l i t y  showed essent ia l ly  the reverse behavior. 
I t  should be noted tha t  there also i s  
I n  f i gu re  6 we repeat 
It appears possible, 
A s imi lar  t ransi-  
Ooubie step or layer variat ion. - The f i n a i  
Figure 9 shows the var iat ion i n  c e l l  output 
A s  
Similar t o  the case of an 
2 
As the enhanced mob i l i t y  region was moved fra the 
junc t ion  region t o  the rear of the ce l l ,  the c e l l  
output decreased, eventual ly dropping below thb t  
calculated fo r  the haaageneous base case. 
En l t t e r  nobil ity Variat ions 
Let us now consider the e f fec t  o f  spa t ia l  no- 
b i l i t y  var iat ions i n  the emitter. I n  order t o  conc 
pare these resu l ts  w i th  those o f  the previous sec- 
t ion, i t  would be desirable t o  el iminate the coob 
p l i c a t i n g  presence o f  e l e c t r i c  f i e l d  effects. Ye 
can do t h i s  and s t i l l  work w i th  a physical ly mean- 
ingful  c e l l  by using the HLE (3 )  c e l l  f o r  our 
d e l .  
i a l l y  deposited 0.1 ohawn emitter, whose surface 
i s  passivated w i th  a f i e l d  layer tha t  reduces i t s  
e f fec t i ve  surface recombination ve loc i ty  t o  low 
values. The speci f ics of  t h i s  c a l l  are l i s t e d  i n  
tab le  I. 
Abrupt variat ion. - This effect of inser t ing  a 
layer o f  low mob i l i t y  (w i th  abrupt boundaries) i n t o  
the emit ter  adjacent t o  the junc t ion  i s  shown i n  
f igure 10. I n  order t o  anp l i f y  the 5f fects of  mo- 
i i l i t y  changes ue used an a rb i t ra ry  mob i l i t y  r a t i o  
of 100 i n  these calculat ions. As can be seen, the 
short (0.5 urn) and the long (0.9 am) responses are 
affected by changes i n  the low mob i l i t y  region 
width. ?he short wavelength response i s  minimized 
wher! the emit ter  i s  evenly divided in to  high and 
low mob i l i t y  regions regardless o f  the emit ter  d i f -  
fusion length. The long wavelength response, on 
the other hand, becolnes very sensi t ive t o  m 5 i l i t y  
changes occurrir; near the junc:ion when the emit-  
t e r  d i f f us ion  length i s  less than the emit ter  
thickness. 
When ua consider the reverse case, that is 
when the near-junction region has the higher mobil- 
i t y ,  we f i n d  tha t  both the short and long wave- 
length responses increase and go through maxima as 
?he high mob i l i t y  region i s  expanded ( f i g .  11). As 
can be seen i n  the f igure, however, t h i s  i s  t t ue  
only when the en I t t e r  d i f fus ion  length i s  s m a l l  
cmpdred t o  the emit ter  width. 
lengths (-RJ um) nei ther the long nor the short 
wavelength response i s  affected by region width 
c hanges . 
This c e l l  has a uniformly doped, ep i tax-  
For long d i f f us ion  
Comparison w i th  Fxperiment 
The : r w i s  RSD c e l l  i s  a deep junc t ion  device 
w i th  an inherent ly low blue response and a less- 
than-desired short-c i rcui t  current. I n  an e f f o r t  
t o  increase blue response. the junc t ion  depth i n  
several crnpleted c e l l s  was reduced by chemically 
etching the emit ter  surface tretween the g r i d  f i g -  
ures. As the junct ion depth i s  decreased yc would 
expect a r i s e  i n  the blue response, no change i n  
the red response, and a r i s e  in  t o t a l  current ( 2 ) .  
t r a l  response a t  various stages i n  the etching pro- 
cedure a r e  shown in  f igure 12. As can be s e ~ : ,  the 
Slue response increases w i th  junc t ion  depth reduc- 
t i o n  as expected, but the red response ana the 
shor t -c i rcu i t  current exh ib i t  severe and unexpected 
decreases. Yhi le we cannot explain t h i s  behavior 
w i th  homogeneous base models, we can get scm' in-  
sight i n to  what i s  happening by making use of the 
variable base mohi 1 i t y  concept. 
The measured var iat ions i n  current and spec- 
If, as has been pmposad ( I ) ,  long diffusions 
cause stress f i e l d s  t o  k propagated i n t o  the base 
from the h igh l y  doped and h lgh ly  stressed a l t t c r ,  
i t  fol lows that, when we m o v e  highly stressed 
a i t t e r  regions, w also allow stress r e l i e f  t o  
occur i n  the base. I n  other words. w reduce the 
width of the low n o b i l l t y  region. If we calculate, 
then, the va r ia t i on  o f  the spectral  response as the 
width of the near-junction low mob l l t t y  region i n  
the base decresser as a n s u l t  o f  surface etching, 
we obtain the set of curves sham i n  f i gu re  13. In 
these calculat ions, an a r b i t r a r y  m o b i l i t y  r a t i o  o f  
1W:l was used, and the junc t ion  depth was held 
constant a t  about 3 micrometers f o r  s i a p l i c i t y .  As 
can be seen the resu l t s  are qu i te  s im i la r  to what 
was observed exper inmt r l l y .  It thus appears tha t  
we can explain the unexpected drop i n  red response 
w i th  emit ter  etching by using a Rode1 which re la tes  
h igh ly  stressed regions in  the emi t te r  w i th  regions 
o f  lowered minor i ty  c a r r i e r  mob i l i t y  i n  the base. 
coNcLusIolls 
The  major conclusions t o  be d r a m  fra the 
preceding analysis are: 
1. I n  contrast t o  the case of a hunogeneous 
base c e l l ,  we have found tha t  the sho r t - c i r cu i t  
current and the spectral response i n  an inhomoge- 
neous base c e l l  are functions of  both the degree 
and locat ion of  the mob i l i t y  var iat ion.  
2. Shor t -c i rcu i t  current and spectral  response 
are strongly affected by changes i n  mob i l i t y  that  
occur i n  il n a r m  region adjacent t o  the junc- 
t ion.  High mob i l i t y  r a t i o s  and short base d i f f u -  
sion lengths enhance t h i s  sens i t i v i t y .  
3. Uhi ie  var iat ions i n  the base mob i l i t y  af- 
fec t  only the long wavelength response. mob i l i t y  
changes i n  a uni formly doped emit ter  can e f fec t  
co l l ec t i on  at  a l l  wavelengths. 
4. Spectral response changes brought on by 
base mob i l i t y  var iat ions are insensi t ive t o  the 
abruptness of the mob i l i t y  var iat ion.  Thus the 
phpically-more-realistic case of  a gradual mobil- 
i t y  change can be closely approximated by an abrupt 
change wnich i s  much easier t o  handle ana ly t i ca l l y .  
5. Unexpected spectral response changes due t o  
emit ter  etching i n  NSD c e l l s  can be explained using 
a mob i l i t y  var ia t ion  model. 
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TABLE I .  - VALUES OF VARIOUS P A R M T E R S  USED I N  CALCULATIONS 
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2 78 m 10 ra, 
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Doping concentration 
Di f fusion length 
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Di f fusion lenoth 
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f igure 1. - Schematic identification of parameters used to calculate 
effects of abrupt mobility variation. See table I. 
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